Low-resistance ohmic contacts are a challenge for electronic devices based on twodimensional materials. We show that an atomically precise junction between a twodimensional semiconductor and a metallic contact can lead to a semiconductor-to-metal transition in the two-dimensional material-a finding which points the way to a possible method of achieving low-resistance junctions. Specifically, single-layer WS 2 undergoes a semiconductor-to-metal transition when epitaxially grown on Ag(111), while it remains a direct band gap semiconductor on Au(111). The metallicity of the single layer on Ag (111) is established by lineshape analysis of core level photoemission spectra. Angleresolved photoemission spectroscopy locates the metallic states near the Q point of the WS 2 Brillouin zone. Density functional theory calculations show that the metallic states arise from hybridization between Ag bulk bands and the local conduction band minimum of WS 2 near the Q point.
Introduction tion of the SL via the asymmetry of the lineshape of the W 4f core level (CL) photoemission spectrum.
The implications are significant, not only in that the creation of ohmic contacts is an important requirement for device applications: The present results dovetail with recent findings that the substrate can control the size of the band gap in SL materials 14, 15 as well as the strength and character of doping. 16, 17 Combining these effects, one could create complex two-dimensional electronic circuits, in which metallic wires are contacted to semiconducting devices with controllable p or n doping and tunable band gaps, all in a single SL semiconductor prepared on a suitably pre-patterned substrate material.
Methods

Sample Preparation and Characterization
The epitaxial growth method used here is similar to that which has been described previously for related material systems. [18] [19] [20] Substrates were prepared by Ne + sputtering and annealing in ultra-high vacuum. W was evaporated onto the clean substrate surfaces at room temperature in an H 2 S atmosphere, and samples were subsequently annealed to approximately 825∼925 K while being continually exposed to H 2 S. Scanning tunneling microscopy (STM) confirmed coverage of ca. 0.7 monolayers (similar results were also seen for higher coverage up to 1.1 monolayers). STM and low-energy electron diffraction (LEED) showed that the hexagonal atomic structure, the moiré superstructure, and the domain size of WS 2 /Ag(111)
were similar to those of WS 2 /Au(111), which has been characterized elsewhere in detail.
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All experiments were performed at the SGM3 beamline of the ASTRID2 synchrotron radiation source. 22 Sample growth and measurement were carried out in situ, without breaking vacuum. STM measurements were made at room temperature. The sample temperature of angle-resolved photoemission spectroscopy (ARPES) and LEED measurements was approximately 100 K. The energy and angular resolution of the ARPES measurements were better than 30 meV and 0.2 • , respectively. X-ray photoemission spectroscopy (XPS) from shallow CLs indicated that the WS 2 on Ag(111) sample had negligible Se contamination of around 2% of a monolayer.
Theoretical Methods
The electronic structure calculations were carried out using the periodic density functional theory code VASP. [23] [24] [25] The valence electrons were described with plane-wave basis sets with a kinetic energy threshold of 415 eV, and the interaction between the valence and frozen coreelectrons was accounted for by means of the projector-augmented-wave method of Blöchl.
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The PBE approximation to the exchange-correlation functional was used 27 in combination with the DFT-D3 method of Grimme correction to account for vdW interactions.
The supercell models consist of a √ 13× √ 13 R13.9
• cell of WS 2 on a 6-layer 4×4 cell of the metal (111) surface. This model is smaller than the experimentally identified moiré lattice, but it allows solving the inherent mismatch between WS 2 and metal lattices while applying a minimal strain on the metal (<0.2%). The geometry of the supercells was optimized until the forces on all atoms were smaller than 0.01 eVÅ −1 . All atoms were relaxed except those in the 4 lowermost metal layers, which were kept in their truncated bulk positions. A (4×4×1) mesh of k-points was used to sample the reciprocal space during geometry optimizations, and the charge density was subsequently recalculated with a single point calculation using a denser (10×10×1) mesh of k-points. An energy threshold of 10 −6 eV was used to define convergence of the self-consistent field of the electron density.
For the supercell models, the band structure along the high symmetry directions of the primitive cell of WS 2 is folded into the smaller reciprocal lattice of the supercell. In order to recover the unfolded band structure with the symmetry of the primitive unit cell of WS 2 ,
we have calculated the effective band structure using the method proposed by Popescu and Zunger 28 as implemented in the BandUp code. 29, 30 Spin-orbit coupling has been included for all band structure calculations using the virtual crystal approximation as implemented in the VASP code.
Results and Discussion
STM and LEED measurements show close structural similarity between WS 2 grown on Au(111) and on Ag(111), including the morié pattern formed between SL and substrate, as seen in the insets of Fig. 1 
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The key difference between the spectra from samples prepared on each of the two substrates is the lineshapes of the high-intensity peaks. For WS 2 /Au(111), these can be fitted by Gaussian-broadened Lorentzians, as expected for CLs of semiconducting materials, and as has also been observed for WS 2 on transition metal oxides. 35 By contrast, the peak shapes for WS 2 /Ag(111) cannot be decomposed into a small number of Lorentzians, because of their asymmetric lineshape consisting of a tail at high binding energy. This is particularly clear in Fig. 1 (c), which shows the high-intensity components of the two systems superimposed and shifted so that the peak maxima coincide. The asymmetric lineshape is fit best by a Doniach-Šunjić profile, a profile in which a Gaussian-broadened Lorentzian is modified by an asymmetry parameter that describes low-energy electron-hole interactions during the photoemission process. the valence states in the two systems suggests a mechanism beyond a purely electrostatic shift. A plausible explanation for this difference is local final state screening that affects the core level binding energies. In a metallic system, the core hole can be screened by the electrons at the Fermi level, leading to higher kinetic energy of the escaping photoelectron.
These screening effects depend crucially on the local electronic structure around the emitting atom. 34, 43 The observation of a decreased binding energy / increased kinetic energy for the core electrons from WS 2 /Ag(111) is thus consistent with a metallic SL.
The metallic character of WS 2 /Ag(111) should be identifiable in the electronic band structure as measured by ARPES. Fig. 2 The metallic behaviour of WS 2 /Ag(111) has to be caused by additional states near the Fermi energy and these should give rise to ARPES features that cannot be attributed to the substrate. Indeed, as can be seen in Fig. 2(a) , (c) and (e), there is a diffuse feature at the Fermi level along Γ-K, marked by white arrows. These states are absent for clean Ag scanned at the same photon energy. 21 Faint states can also be seen in this location in the data set acquired from WS 2 /Au(111), but they are extremely weak in that case. We can therefore conclude that similar physical mechanisms are at work in both systems, and that the difference in the density of states (DOS) at the Fermi level between the two systems is a quantitative effect rather than a qualitative one. However, the effect is so weak in the case of WS 2 /Au(111) that the system essentially retains its semiconducting character and shows no detectable sign of metallicity in CL spectroscopy ( Fig. 2(b) , (d) and (f)).
We now discuss several possible scenarios to explain these findings. The obvious interpretation is that of a band crossing from a state just above the Fermi level, such that a shallow electron pocket is formed. The simplest scenario to achieve this would be a rigid shift of the conduction band (CB) to lower energies. The calculated lowest CB for free-standing SL WS 2 is superimposed on the data in Fig. 2(a) , aligning the dispersion such that the CB minimum at K is found at the same energy as recently reported from a time-resolved pump/probe ARPES experiment for the same system. 32 Assuming that the two material systems (WS 2 /Ag(111) and WS 2 /Au(111)) exhibit a similar size of the renormalized band gap, the CB is expected to be closer to the Fermi energy for WS 2 /Ag(111) than for WS 2 /Au(111) because of the different work function of the two metal surfaces, leading to the observed 0.7 ML in both cases, acquired at photon energy hν=25 eV; note that the Au bulk band structure is more strongly visible at this photon energy than the Ag band structure). The blue dashed lines are calculated bands for the highest VB and lowest conduction band of freestanding SL WS 2 , shifted such that the VB maximum coincides with the data measured here, and the conduction band minimum with the result of pump/probe time-resolved ARPES for SL WS 2 /Ag(111). 32 We assume the same band gap for SL WS 2 /Au(111). (c) and (d) show magnifications of the regions in the coloured rectangles of (a) and (b), respectively, illustrating the additional intensity near the Fermi level for WS 2 /Ag(111), marked by a white arrow. (e)-(f) Photoemission intensity at the Fermi energy for WS 2 /Ag(111) and WS 2 /Au(111) (hν=25 eV). The enhanced diffuse photoemission intensity seen in (a) and (c) between Γ and K is visible in (e) and marked by white arrows. These states are almost absent for WS 2 /Au(111) and not found on clean Ag(111).
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shift in the VB. While the shifted CB does indeed have a local minimum along Γ-K, at the so-called Q point, this state cannot give rise to the observed Fermi level crossing in a rigid band shift picture because the absolute CB minimum is found at K, not at Q, leaving the local minimum at Q well above the Fermi level.
Another possibility is that a distortion might occur in the lowest-lying CB, so as to pull the local minimum at Q down to the Fermi level while leaving the feature at K at a higher energy. Such band distortion could have several causes. Previous theoretical work has predicted this very effect as a result of in-plane compressive strain as small as 1%. 45 However, analysis of our LEED data rules out strain larger than ±0.7%. 21 Moreover, the lattice constant of Ag is larger than that of Au (4.09 Å for Ag versus 4.08 Å for Au), so it is unlikely that the WS 2 overlayer-if it is compressed-is more compressed on Ag than on Au.
The most likely explanation is that the distortion of the WS 2 CB that results in the metallicity of the layer is caused by hybridization with the underlying Ag states. Such hybridization with substrate states has recently been shown to be responsible for the aforementioned shift of the valence states at Γ toward higher binding energy than in the freestanding SL (see comparison between the calculated VB for a free standing layer and the actually observed dispersion in Fig. 2(a) and (b) ). 44 Additionally, hybridization has been suggested as being responsible for important effects in other, related two-dimensional (2D) material systems; for example, as a source of "pseudo-doping" in metallic SL TaS 2 on Au(111).
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We explore the possibility of hybridization in more detail using density functional theory calculations of SL WS 2 adsorbed on Ag(111) and Au(111). The resulting densities of states projected onto WS 2 (pDOS) for both substrates are shown in Fig. 3(a) . The overall shift of the WS 2 states by 270 meV toward lower energies for WS 2 /Ag(111) relative to WS 2 /Au (111) agrees with the experimental binding energy shifts of Fig. 2 . It is consistent with the lower work function of Ag, and the shift also leads to a smaller energy barrier between the metal Fermi level and the CB minimum of WS 2 . Moreover, the calculated pDOS at the Fermi level of WS 2 /Ag(111) is indeed non-zero, due to the CB tailing into the band gap. This supports the observation of the metallicity of the WS 2 layer. We note that the conduction band actually tails into the band gap in both systems; it is the difference in relative distance between the Fermi level and the bottom of the CB that allows for a larger DOS at the Fermi level in the case of WS 2 /Ag(111).
We further elucidate the origin of the states at the Fermi level by decomposing the pDOS into contributions from the W 5d and the S 2p orbitals (Fig. 3(b),(c) This is confirmed by band structure calculations for the interacting system shown in unit cell shown in Fig. 4(a) . Nevertheless, also here we identify crossings between WS 2 and Ag bands, which are indicated with black circles in Fig. 4(b) . In the effective band structure in Fig. 4 (c), these crossings are avoided due to band hybridization, which also results in Ag 
Conclusions
The results reported here show that metallization of a SL semiconductor can be achieved through substrate interaction. We emphasize that this effect depends on high interfacial quality, and would not be expected-at least in the material systems examined here-in samples prepared ex situ by means of, for example, "Scotch tape" style preparation. It would also not necessarily be expected to occur underneath polycrystalline metallic contacts evaporated thermally onto the top of SL devices, as in traditional device architectures. However, the fabrication is achieved by a straightforward, well-developed epitaxial approach that is easily adaptable for scalable production. Our results are achieved in WS 2 on Ag(111), but there are presumably other material systems in which strong hybridization occurs between the electronic states of the SL and the substrate and in which similar (or even more dramatic) effects can be observed; identifying such systems remains a challenge for future work.
The finding that substrate interactions alone are sufficient to effect a transition from a semiconductor to a metal clears the path for major advances in 2D device fabrication.
This result, in combination with earlier results showing the power of substrate interaction to tune band gap 14, 15 and doping, 16, 17 reduces the challenge of creating complex 2D device architectures from one of pattering the SL directly-a major challenge to date-to one of substrate choice and patterning, prior to covering the substrate with a homogenous SL semiconductor.
